Flavin reductase is essential for the oxygenases involved in microbial dibenzothiophene (DBT) desulfurization. An enzyme of the thermophilic strain, Bacillus sp. DSM411, was selected to couple with DBT monooxygenase (DszC) from Rhodococcus erythropolis D-1. The flavin reductase was purified to homogeneity from Bacillus sp. DSM411, and the native enzyme was a monomer of M r 16 kDa. Although the best substrates were flavin mononucleotide and NADH, the enzyme also used other flavin compounds and acted slightly on nitroaromatic compounds and NADPH. The purified enzyme coupled with DszC and had a ferric reductase activity. Among the flavin reductases so far characterized, the present enzyme is the most thermophilic and thermostable. The gene coded for a protein of 155 amino acids with a calculated mass of 17,325 Da. The enzyme was overproduced in Escherichia coli, and the specific activity in the crude extracts was about 440-fold higher than that of the wild-type strain, Bacillus sp. DSM411.
Flavin reductase catalyzes the reduction of flavins, such as flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), and riboflavin by NADH and/or NADPH to form reduced flavins. It has been reported that reduced flavins are required for a number of monooxygenase enzyme systems. The first example was demonstrated in luciferase of the luminous bacterium Vibrio harveyi, which catalyzes the oxidation of a longchain aliphatic aldehyde by oxygen in the presence of a reduced flavin. 1) Such monooxygenase systems have also been found in the biosynthesis of antibiotics, actinorhodin, 2) pristinamycin, 3) and valanimycin, 4) and in the degradation of ethylenediamine tetraacetate, 5) nitrilotriacetate, 6) aliphatic sulfonates, 7, 8) and 4-hydroxyphenylacetate. 9, 10) The properties of flavin reductases from luminous bacteria have been studied extensively, 11, 12) and the three-dimensional structure of the enzyme from V. fischeri has been determined. 13) In addition, multiple flavin reductases were found in Escherichia coli and Bacillus subtilis, and some of them were shown to have nitroreductase activity catalyzing the reduction of aromatic nitrocompounds other than flavin compounds. [14] [15] [16] The crystal structures of the enzymes from E. coli have been solved. 17, 18) We have studied microbial dibenzothiophene (DBT) desulfurization in its enzymological and molecular biological aspects. 19, 20) The sulfur-specific metabolic pathway of DBT was investigated using two mesophilic Rhodococcus strains, R. erythropolis IGTS8 and R. erythropolis D-1. 19, 20) DBT was initially oxidized by two monooxygenases, DBT monooxygenase (DszC) and DBT sulfone monooxygenase (DszA), and finally converted to 2-hydroxybiphenyl by the desulfinase DszB. We have purified and characterized all these desulfurization enzymes. [21] [22] [23] Flavin reductase was necessary for the activities of these two monooxygenases involved in the microbial DBT desulfurization. 24) We have purified, characterized, and overexpressed flavin reductase from the desulfurizing bacterium R. erythropolis D-1. 25) Flavin reductase was also purified from the thermophilic desulfurization bacterium Paenibacillus sp. A11-2, 26) and its gene was cloned. 27) It has been reported that flavin reductases from V. harveyi and Photobacterium fischeri stimulated the enzyme activities of various monooxygenases from different microorganisms. 5, 24) We have reported that flavin reductase from the non-desulfurizing bacterium Paenibacillus polymyxa A-1 was more effective than that from the desulfurizing bacterium R. erythropolis D-1, 28) and worked well for DBT desulfurization in recombinant E. coli. 29) Although many flavin reductases were studied as described above, little information is available about the thermostability of the enzymes. The microbial desulfurization of petroleum, if industrialized in the future, is postulated to be carried out after the current chemical desulfurization treatment, which is run at 300 C or higher. Hence, microbial desulfurization at high temperatures is desirable to minimize cooling costs. [30] [31] [32] We searched thermophilic flavin reductases among those that couple with the monooxygenase DszC, from thermophilic non-desulfurizing bacteria, and selected the enzyme of Bacillus sp. DSM411. In this study, we purified and characterized flavin reductase from this strain, and cloned and expressed its gene in E. coli. We report that the enzyme was characteristic in terms of stability against heat and pH.
Materials and Methods
Materials. Q-Sepharose Fast Flow and Superdex HR10/30 were obtained from Amersham Pharmacia (Uppsala, Sweden). Phenyl-Toyopearl 650M was purchased from Tohso (Tokyo, Japan). FMN agarose was purchased from Sigma (St. Louis, Missouri., U.S.A). Calibration proteins for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and for gel chromatography were obtained from Amersham Pharmacia and Roche Diagnostics (Mannheim, Germany) respectively. Restriction endonucleases were purchased from Toyobo (Osaka, Japan) or Promega (Madison, Wisconsin., U.S.A). Three vectors, pGEM-7, pBluescript II SK-, and pET-21a were obtained from Promega, Toyobo, and Novagen (Madison) respectively.
Medium and cultivation. Bacillus sp. DSM411 was grown in a nutrient medium containing 5 g of Polypepton, 2 g of glycerol, 2 g of yeast extract, 2 g of meat extract, 2 g of K 2 HPO 4 , 1 g of KH 2 PO 4 , 0.1 g of MgSO 4 . 7H 2 O, and 0.05 g of CaCl 2 in 1000 ml of distilled water (pH 7.2). Cultivation was done in 2-liter flasks containing 500 ml of the medium with reciprocal shaking at 130 strokes/min at 55 C for 18 h. The cells were collected by centrifugation at 8,000 Â g and stored at À20 C. Frozen cells (390 g, wet weight) obtained from 65 liters of the culture broth were thawed and suspended in 50 mM Tris-HCl buffer (pH 8.0) containing 0.5 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and 10% glycerol. This buffer, except for PMSF, is referred to as the basal buffer. Then the cells were disrupted with an ultrasonic oscillator (Sonifier 450; Branson Instruments, Danbury, Connecticut, U.S.A) at 20 kHz. The cell debris was removed by centrifugation at 14,000 Â g for 90 min, and the resultant supernatant was used as the cell-free extract.
Purification of flavin reductase from Bacillus sp. DSM411. All purification steps were performed at 4 C.
Q-Sepharose Fast Flow. Cell-free extracts were dialyzed against the basal buffer with 0.5 mM PMSF. The solution was applied to a Q-Sepharose column (5 Â 50 cm) which had been equilibrated with the same buffer. The column was washed with the same buffer and bound proteins were eluted with the buffer contain-ing 0.1 M KCl. The active fractions were collected and concentrated by ultrafiltration.
Phenyl-Toyopearl. The enzyme solution obtained in step 1 was dialyzed against the basal buffer containing 2 M (NH 4 ) 2 SO 4 . The solution was applied to a Phenyl-Toyopearl 650M column (2:5 Â 18 cm) which had been equilibrated with the same buffer. The column was washed with the same buffer and buffer containing 1.6 M (NH 4 ) 2 SO 4 , and bound proteins were eluted with the buffer containing 1.4 M (NH 4 ) 2 SO 4 . The active fractions were collected and concentrated by ultrafiltration.
FMN agarose. The enzyme solution obtained in step 2 was dialyzed against 1.5 M potassium phosphate buffer (pH 8.0) containing 1 mM DTT and 10% glycerol. The solution was applied to an FMN agarose column (1 Â 6 cm) which had been equilibrated with the same buffer. The column was washed with the same buffer and 0.9 M potassium phosphate buffer (pH 8.0) containing 1 mM DTT and 10% glycerol, and bound proteins were eluted with distilled water containing 1 mM DTT and 10% glycerol. The active fractions were collected and concentrated by ultrafiltration.
Superdex HR10/30. The buffer solution dissolving the enzyme in step 3 was replaced by ultrafiltration with 50 mM Tris-HCl buffer (pH 8.0) containing 1 mM DTT. The enzyme solution was applied to a Superdex 200 HR 10/30 (1 Â 30 cm) equilibrated with the same buffer. The chromatography was performed at a flow rate of 0.25 ml/min controlled by an AKTA system (Amersham Pharmacia). The active fractions were concentrated by ultrafiltration.
Enzyme assay. Flavin reductase activity was determined at 65 C using the decrease in absorbance at 340 nm due to oxidation of NADH. The reaction mixture contained 20 mM potassium phosphate buffer (pH 7.0), 0.5 mM NADH, 20 M FMN, and the enzyme in a total volume of 0.5 ml. One unit of activity was defined as the amount of flavin reductase necessary to decrease 1 mol of NADH per min. The coupling assay with DszC of R. erythropolis D-1 was done at 35 C, and the rate of conversion of DBT to DBT sulfone was measured using the high-performance liquid chromatography system as described previously. 21) The reaction mixture contained 100 mM potassium phosphate buffer (pH 7.0), 0.27 mM DBT, 6 mM NADH, 10 M FMN, DszC, and the enzyme in a total volume of 0.25 ml. Purified DszC of R. erythropolis D-1 was prepared as described previously 21) and used in the reaction mixtures. Ferric reductase activity was determined using ferricyanide as an electron acceptor according to the method previously reported. 33) The reaction mixture contained 50 mM potassium phosphate buffer (pH 7.0), 1 mM NADH, 5 M FMN, 1 mM potassium hexacyanoferrate (III), and the enzyme in a total volume of 0.5 ml. Enzyme activity was determined spectrophotometrically by monitoring the decrease in absorption of ferricyanide at 420 nm (" 420 ¼ 1020 M À1 cm À1 ). The control experiments were done in the absence of FMN or ferricyanide. One unit of activity was defined as the amount of the enzyme necessary to decrease 1 mol of ferricyanide per min.
DNA technique and PCR. Isolation of genomic and plasmid DNA, transformation, and restriction endonuclease digestion, as well as other recombinant DNA techniques, were performed as described by Sambrook et al. 34) DNA fragments were purified from an agarose gel by using a Sephaglas BandPrep kit (Amersham Pharmacia). DNA sequencing was performed with double stranded templates using a DNA sequencing kit (Applied Biosystems, Foster City, California, U.S.A) based on Taq DNA polymerase-initiated cycle sequencing reactions with a dye termination kit using a model PRISM 3100 DNA sequencer (Applied Biosystems).
Primers were designed for cloning the flavin reductase gene based on the N-terminal and internal amino acid sequences of the enzyme. PCR was performed with Taq DNA polymerase using the total DNA of Bacillus sp. DSM411 as a template under the conditions recommended by the manufacturer. The reaction mixture was heated at 96 C for 5 min, then subjected to 30 cycles of 95 C for 1 min, 45 C for 1 min, and 72 C for 1 min with primers FRNshi-5, 5 0 -ATGGACGATCGNACNT-TYMG-3 0 , and FRCshi-7, 5 0 -GGATCNCCNGGYTCR-TC-3 0 . For overexpression of the gene, PCR was done with an Expand High Fidelity PCR System (Roche Diagnostics) using the plasmid pFRS5 harboring the structural gene of flavin reductase as a template, and primers, FRBSEC-N (5 0 -GAACCATATGGATGATC-GTACATTTCGCAG-3 0 [the NdeI restriction site is underlined and the ATG initiation codon is indicated by bold type]) and T7-primer (5 0 -GTAATACGACTCAC-TATAGGGC-3 0 ). The reaction mixture was heated at 96 C for 2 min, then subjected to 30 cycles of 96 C for 1 min, 57 C for 1 min, and 72 C for 1 min. Amplified DNA fragments were digested with NdeI and SalI, separated by agarose gel electrophoresis, inserted into pET-21a vector digested with the same restriction enzymes, and then used to transform E. coli JM109 cells. To overproduce flavin reductase by the pET system, E. coli BL21 (DE3) was transformed with the constructed plasmid.
Southern hybridization. Southern hybridization was performed using the DIG DNA Labeling kit (Roche Diagnostics). The probe for cloning of flavin reductase was prepared with digoxigenin (DIG)-11-dUTP by PCR. Total DNA of Bacillus sp. DSM411 was digested with restriction enzymes and separated by agarose gel electrophoresis. Digested DNA was transferred onto the nylon membrane according to the manufacturer's instructions. After prehybridization, the membrane was hybridized with a DIG-labeled probe at 68 C for 16 h. The membrane was washed twice at room temperature in 2 Â SSC (1 Â SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0) containing 0.1% SDS, and at 68 C in 0:1 Â SSC containing 0.1% SDS. Then the membrane was incubated with antidigoxygenin conjugated with alkali phosphatase, and the hybridized fragments were detected with 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate. For colony hybridization, the gene library of the genomic DNA on the agar plate was transferred onto the nylon membrane. The subsequent procedure was the same as described above.
Purification of flavin reductase from the recombinant E. coli. The recombinant E. coli BL21 (DE3) harboring the overexpression vector was cultured in 500 ml flasks containing 100 ml of Luria-Bertani medium supplemented with 100 mg of ampicillin per liter at 37 C. After cultivation for 2.5 h, 1 mM isopropyl--D-thiogalactopyranoside was added to the medium, and cultivation was continued for an additional 5.5 h. The cells (1.22 g, wet weight) from 200 ml of the culture broth were harvested by centrifugation at 8,000 Â g for 20 min, and suspended in the basal buffer with 0.5 mM PMSF and 1 mM ethylenediamine tetraacetate (EDTA). The cells were disrupted by sonication and centrifuged at 10,000 Â g for 30 min to remove cell debris.
Q-Sepharose Fast Flow. The cell-free extracts prepared were dialyzed against the basal buffer with 0.5 mM PMSF and 1 mM EDTA. The solution was applied to a Q-Sepharose column (2 Â 11 cm) equilibrated with the same buffer. The column was washed with the same buffer, and bound proteins were eluted with a linear gradient of 0 to 0.15 M KCl in the buffer. The active fractions were collected and concentrated by ultrafiltration. The chromatography was repeated twice by using NaCl instead of KCl.
Ammonium sulfate fractionation. Solid ammonium sulfate was added to the enzyme solution at 2 M. The resultant supernatant was recovered after 24 h by centrifugation at 10,000 Â g for 30 min and dialyzed against the basal buffer.
Superdex HR10/30. The enzyme solution was concentrated to 5 mg/ml by ultrafiltration, replacing the buffer solution dissolving the enzyme with a 50 mM Tris-HCl buffer (pH 8.0) containing 1 mM DTT, applied to a Superdex 200 HR 10/30 (1 Â 30 cm) equilibrated with the same buffer. The chromatography was performed at a flow rate of 0.25 ml/min controlled by an AKTA system. The active fractions were concentrated by ultrafiltration.
MonoQ HR10/10. The enzyme solution was applied to a MonoQ HR10/10 (1 Â 10 cm) equilibrated with 50 mM Tris-HCl buffer (pH 8.0) containing 1 mM DTT. The chromatography was done with a linear gradient of 0 to 0.15 M NaCl in the buffer at a flow rate of 0.25 ml/ ml. The active fractions were concentrated by ultrafiltration. 
Results
Purification of flavin reductase from Bacillus sp. DSM411 We cultivated twenty-one thermophilic Bacillus strains at 55 C, prepared cell-free extracts, and measured the enzyme activity to support DszC of R. erythropolis D-1. All strains had more or less coupling activity. Since Bacillus sp. DSM411 showed not only relatively high specific reductase activity and high thermostability of the enzyme but also the best growth in terms of OD 660 under the cultivation condition as described in ''Materials and Methods'' for the thermophilic strains tested, we selected this strain for the subsequent experiments.
Flavin reductase was purified 1,220-fold from Bacillus sp. DSM411. The purification steps are summarized in Table 1 . SDS-PAGE showed that the enzyme was purified to homogeneity and that the molecular mass of the subunit was 16 kDa (Fig. 1) . The native molecular mass of the enzyme was found to be 16 kDa by gel filtration, indicating that the flavin reductase is a monomer enzyme. The purified enzyme solution did not show the yellow color typically derived from flavin species.
Substrate specificity
Enzyme activity was measured using various electron acceptors in place of FMN (Table 2 ). When flavin compounds as electron acceptors were added at 20 M, FAD, riboflavin, and lumiflavin were 62, 38, and 32% as effective as FMN respectively. Except for flavin compounds, the enzyme acted on aromatic nitrocompounds such as nitrofurazone and 4-nitrotoluene and artificial electron acceptors such as methylene blue and ferricyanide, but these compounds were less than 10% as 
Coupling activity and ferric reductase activity
Coupling activity was examined between the present flavin reductase and DszC using both purified enzymes. Formation of DBT sulfone was confirmed as shown in Fig. 2 , indicating that the flavin reductase from Bacillus sp. DSM411 coupled with the DszC activity in vitro. Previously, we purified two kinds of flavin reductases, DszD from R. erythropolis D-1 25) and Flv from Paenibacillus polymyxa A-1. 28) In this study we investigated the ferric reductase activities of three flavin reductases prepared in our laboratory. The enzyme reactions were done at 35 C for DszD, 55 C for Flv, and 65 C for Bfl respectively. As a result, Bfl and DszD had activities of 601 and 52.5 units/mg respectively. In contrast, Flv showed no activity. In the control experiments without FMN or ferricyanide, the decrease in absorbance at 420 nm was negligible.
General properties
The optimum temperature and pH of the enzyme were 70 C and 6.0 respectively (Fig. 3A, B) . The stability of the enzyme was examined at various temperatures and pHs. The enzyme retained more than 90% of its activity after it was incubated at 70 C for 30 min (Fig. 3C ). It was also stable at pH 2-12 after incubation at 30 C for 30 min (Fig. 3D) . None of the metal ions tested elevated enzyme activity (data not shown). Activity was inhibited by heavy metal compounds and p-chloromercuribenzoic acid (data not shown), indicating that the SH group was involved in the activity.
Cloning of flavin reductase gene and its flanking region
The N-terminal sequence of the enzyme was determined to be MDDRTFRRAMGKFATGVTVVTTEFQ-GEAKG. The sequence of the internal peptide fragment obtained with CNBr treatment was determined to be DEPGDPLLFFEGKYRSIGQ. Based on the sequences, degenerate primers FRNshi-5 and FRCshi-7 were designed, and PCR was done with total DNA of Bacillus sp. DSM411 as a template. Since the 450 bp fragment was amplified, it was introduced into the PCR cloning vector pGEM-T to construct pTFRS2. Sequencing of the cloned DNA confirmed that it contained regions encoding N-terminal and internal sequences of flavin reductase. Then, the probe was prepared by PCR using pTFRS2 as a template, and the primers FRNshi-8, 5 0 -ATGGACGATCGGACGTTCCG-3 0 and FRCshi-10, 5 0 -GGATCGCCGGGTTCGTCTTT-3 0 were designed. Southern hybridization was performed with total DNA of Bacillus sp. DSM411. Since a single band was detected in the 5.5 kb region when the total DNA was double-digested with EcoRI and HindIII, the corresponding fragments were ligated into pBluescript II SKto construct the gene library. As a result of colony hybridization, five positive clones were obtained from 1,200 colonies tested. One of the positive clones, pFREH12, was digested with SalI, and four fragments (4.1, 2.2, 1.4, and 0.8 kb) were produced. Because only the 2.2 kb fragment was hybridized with the probe described above, it was concluded that the fragment contained the flavin reductase gene. Hence subcloning was done with Sal1, and the resulting plasmid, pFRS5, was sequenced ( Fig. 4 ). An open reading frame (ORF) was found within the 2.2 kb SalI fragment. It encoded a protein of 155 amino acids with a molecular mass of 17,371 Da. The deduced N-terminal and internal amino acid sequences from the ORF coincide with those of flavin reductase. Hence this ORF was designated bfl (accession no. AB091771) for the thermophilic Bacillus flavin reductase gene.
A homology search revealed that the deduced bfl gene product showed 59, 42, 36, and 30% amino acid identity with PheA2, phenol 2-hydroxylase component B from Bacillus thermoglucosidasius (accession no. AF140605-3); 36) nitrilotriacetate monooxygenase component B from Chelatobacter heintzii (accession no. I40751); 37) StyB, styrene monooxygenase component 2 from Pseudomonas sp. (accession no. AJ000330-5); 38) and HpaC, 4-hydroxyphenylacetate 3-monooxygenase small component from E. coli (accession no. Z29081-3) 39) respectively. Next, the original cloned 5.5 kb fragment in pFREH12 was sequenced, and three collinear and one reverse ORFs were identified in addition to bfl (Fig. 5) . A homology search clearly showed that ORF1 was similar to 5-carboxymethyl-2-hydroxymuconate semialdehyde dehydrogenase from Brucella melitensis, with 51% homology (accession no. AAL53376.1) and aldehyde dehydrogenase from Deinococcus radiodurans with 50% homology (accession no. AAF12413.1). As for the three remaining ORFs, ORF2 was presumed to code a regulatory protein, and the functions of ORF3 and ORF4 were unknown based on a homology search with the BLAST program. Enzyme reactions were carried out as described in ''Materials and Methods'' except that the reaction temperature (A) or the reaction buffer (B) varied. Enzyme activities were measured after the purified enzyme was preincubated at the various temperatures in 50 mM Tris-HCl buffer (pH 8.0) (C) and the various pHs at 30 C (D) for 30 min. In (B) and (D), the buffers used were citric acid-K 2 HPO 4 ( ), potassium phosphate ( ), Tris-HCl ( ), and glycine-NaOH ( ). The total reaction volume was 0.5 ml, and 0.54 g of purified enzyme was added to each reaction mixture. The enzyme activity was determined by measuring the decrease in absorbance at 340 nm.
Overexpression of bfl in E. coli
Flavin reductase of Bacillus sp. DSM411 was overproduced in the recombinant E. coli. A DNA fragment containing bfl amplified by PCR was inserted into pET-21a and the resulting plasmid was introduced into E. coli BL21(DE3). The level of expression of bfl by the recombinant strain (101 units/mg) was 440-fold higher than that by the wild strain, Bacillus sp. DSM411 (0.23 units/mg). Judging from the specific activity in the cell-free extracts, the recombinant E. coli cells expressed as much as 40% of the total soluble protein. The flavin reductase was purified to homogeneity (threefold) in a 14% yield from the recombinant strain (data not shown). The enzyme solution was yellow derived from flavin species after a Q-Sepharose Fast Flow column chromatography step, but the color disappeared completely during the purification steps.
Discussion
In this study, flavin reductase (Bfl) from the thermophilic Bacillus sp. DSM411 was purified and characterized. The enzyme was thermostable and thermophilic. Among many flavin reductases that have so far been purified and characterized, the present flavin reductase, Bfl, is the most thermophilic and thermostable. As for TdsD from the thermophilic DBT-desulfurizing bacterium Paenibacillus sp. A11-2, it was reported that its optimum temperature was 55 C and that the remaining activity was 10% when TdsD was treated at 70 C for 30 min. 26) Recently, it was found that PheA2, which was the most similar to Bfl based on amino acid sequences, had flavin reductase activity. 40) The optimum temperature was 55 C and the remaining activity was 65% when PheA2 was incubated at 65 C for 2 h. Bfl had optimal activity at 70 C and retained 90% of the activity even after the enzyme was treated at 70 C for 30 min (Fig. 3 ). Moreover, it was characteristic that the enzyme did not lose its activity after it was treated at pH 2-12 for 30 min.
The two major classes of flavin reductases have been proposed to date: 41) class I enzymes do not contain any flavin prosthetic group, whereas class II enzymes are typical flavoproteins. The purified flavin reductase from Bacillus sp. DSM411 did not show the yellow color typical of flavin-containing enzymes, suggesting that this enzyme belongs to class I. But the recombinant enzyme preparation was yellow during the early stages of enzyme purification, suggesting the possibility that it bound flavins weakly. This phenomenon has also been reported in the case of VlmR (a class I enzyme) from Streptomyces viridifaciens. 4) Some flavin reductases have been shown to catalyze the reduction not only of flavins such as FMN and FAD, but also of nitroaromatic compounds. [14] [15] [16] All these enzymes are flavoproteins. We have already investigated the properties of two flavin reductases: DszD, a flavin reductase from R. erythropolis D-1 (a class I enzyme), had little activity for nitroaromatic compounds, and NADH was specific as the electron donor, 25) whereas Flv, the enzyme from P. polymyxa A-1 (a class II enzyme), showed significant activity for nitroaromatic compounds, and both NADH and NADPH served as preferred substrates. 28) Flavin reductase from Bacillus sp. DSM411, Bfl, exhibited slight activity for some nitroaromatic compounds, and NADH was specific although NADPH showed very low activity as an electron donor. On the basis of these data, it is thought that Bfl has an intermediary substrate specificity between the two enzymes described above, DszD and Flv. Furthermore, the enzyme was considered to bind a flavin cofactor weakly. It might be of interest to investigate the relationship between the binding of flavin and nitroreductase activity or reactivity for pyridine nucleotide coenzymes.
A homology search showed that Bfl had some similarities in amino acid sequence to the enzymes, PheA2, StyB, and HpaC, that are involved in the degradation of the aromatic compounds phenol, styrene, and 4-hydroxyphenylacetate respectively. Among these, PheA2 and HpaC have been confirmed to have flavin reductase activities. 9, 40) Recently, the flavin reductase gene was cloned from the thermophilic DBT-desulfurizing bacterium Bacillus subtilis WU-S2B by the unique selection method. 42) It is characteristic that indigo production by coexpression of the DBT monooxygenase gene from B. subtilis WU-S2B in E. coli was used as an indication for the selection. The deduced amino acid sequence of this gene had 61% identity with that of the nitroreductase (YwrO) group. DszD, StyB, and HpaC belonged to this group on their classification. 9) They suggested that flavin reductases belonging to this group contain a highly conserved GDH motif in the C terminal region, which might play a role in NAD(P)H interaction. 9) Bfl also has this motif sequence ( Fig. 4 ), suggesting that it belongs to this family. The flavin reductases from R. erythropolis D-1, Paenibacillus sp. A11-2, and P. polymyxa A-1 are known to couple with monooxygenases involved in microbial desulfurization. Bfl showed no similarity in amino acid sequence to such flavin reductases. Nevertheless, it was confirmed that the purified Bfl supported DszC activity in vitro, as shown in Fig. 2 . The reduced flavins produced by flavin reductase are known to support many monooxygenases. Although it is necessary to examine the coupling activities with DszA and other monooxygenases, we expect that Bfl may be applicable not only in microbial desulfurization but also in monooxygenase systems in aromatic compounds degradation at high temperature.
The gene most similar to bfl was pheA2, which is one component in the phe operon for phenol degradation of the thermophilic bacterium B. thermoglucosidasius A7. 36) The gene coding the large component of the phenol hydroxylase pheA1, which was located 20 bp upstream of pheA2, and other genes involved in the phenol degradation were confirmed within the phe operon of this strain. In contrast, no genes for degradation of aromatic compounds were found around bfl except for ORF1, which was similar to aldehyde dehydrogenase and located upstream of it. Although it is necessary to investigate further to make clear the functions of ORF2, 3, and 4, it is thought that Bfl is not an enzyme that couples with a specific monooxygenase. In 1999, it was shown that ferric reductase (FeR) from a hyperthermophilic archeon, Archaeoglobus fulgidus, shared amino acid similarity with a family of flavin reductase, 33) and the three-dimensional structures of FeR and PheA2 were elucidated and compared 40, 43) Nevertheless, it was reported that FeR had flavin reductase activity and that PheA2 had no ferric reductase activity. 40) In this study we confirmed that Bfl had ferric reductase activity. It should be interesting to elucidate whether this activity might be related to the physiological role of Bfl. Further studies are required to clarify the true function of flavin reductases whose genes are not in the gene cluster for the metabolism of specific compounds.
